Members of the Bacillus cereus group of organisms include Bacillus cereus, Bacillus anthracis and Bacillus thuringiensis. Collectively, these organisms represent microbes of high economic, medical and biodefense importance. Given this significance, this group contains the highest number of closely related fully sequenced genomes, giving the unique opportunity for thorough comparative genomic analyses. Much of the disease and host specificity of members of this group can be attributed to their plasmids, which vary in size and number. Chromosomes exhibit a high level of synteny and protein similarity, with limited differences in gene content, questioning the speciation of the group members. Genomic data have spurred functional studies that combined microarrays and proteomics. Recent advances are reviewed in this article and highlight the advantages of genomic approaches to the study of this important group of bacteria.
Introduction -The Bacillus cereus group of organisms
The Bacillus cereus group of organisms contains Bacillus thuringiensis, Bacillus anthracis and Bacillus cereus (sensu stricto). This group of Gram-positive sporeformers forms a highly homogeneous subdivision of the genus Bacillus. Demonstration of their high genetic relatedness has contributed to the suggestion that B. anthracis, B. cereus and B. thuringiensis are members of a single species, B. cereus sensu lato [1] [2] [3] . Traditionally, these organisms have been differentiated based on their phenotypic characteristics, including pathogenic potential. Bacillus mycoides, Bacillus pseudomycoides and Bacillus weihenstephanensis are also members of the B. cereus group of organisms. However, as no genomic data are available, these species have not been included in this review.
Bacillus thuringiensis
B. thuringiensis has long been regarded as an insect pathogen alone. The insecticidal spectrum varies within the 82 different serotypes reported [4] , and affects insects primarily from the orders Lepidoptera, Diptera and Coleoptera. There are also reports of B. thuringiensis isolates active against mosquitoes that are vectors for disease, such as malaria and yellow fever [5] . B. thuringiensis spore preparations have been successfully commercialized as biopesticides. The spores are associated with large crystal protein inclusions, which can make up to 25% of the dry weight of the spore preparations. The crystals are aggregates of a large protein (about 130-140 kDa) that is actually a protoxin. Upon ingestion by insect larvae, the protoxin crystals solubilize in the mid-gut, where it is cleaved by a gut protease to produce an active toxin (d-endotoxins) of about 60 kDa. The toxin binds to the mid-gut epithelial cells, creating pores in the cell membranes. As a result, the gut is rapidly immobilized and the epithelial cells lyse. The insect larva stops feeding and often dies from lethal septicemia [6] . Little is known about the ecology of B. thuringiensis and conflicting reports are reviewed by Jensen et al. [7] . The B. thuringiensis natural environment is thought to be the insect host intestinal system. Upon death of the insect the bacterium is released into the soil where B. thuringiensis is a ubiquitous inhabitant. In this environment and under favorable nutrient condition the spores could germinate and grow. The Cry genes encode the crystal toxins and are usually located on large, transmissible plasmids. The presence of Cry protein crystals in the spore is speculated to give B. thuringiensis an advantage in the soil environment upon sporulation [7] over B. cereus, B. thuringiensis is phenotypically distinguished from B. cereus only by the formation of intracellular protein crystals during sporulation. Overall, genetic studies have shown that B. cereus and B. thuringiensis are essentially identical [8] . In addition, like B. cereus, B. thuringiensis could be considered an opportunistic pathogen in animals and human [9] [10] [11] .
Bacillus cereus
B. cereus is ubiquitous in nature and an opportunistic pathogen, often associated with two forms of human food poisoning, characterized by either diarrhea and abdominal distress or nausea and vomiting. In healthy individuals but mostly in individuals with certain underlying conditions such as, immunocompromised patients, or patients recovering from surgery, B. cereus has been known to cause a variety of infections, including: endophthalmitis, bacteremia, septicemia, endocarditis, salpingitis, cutaenous infections, pneumonia and meningitis [12, 13] . B. cereus is found as a contaminant in many food products, including dairy products. However, its primary ecological niche is the soil environment. It is also commonly found as part of the gut microflora of invertebrates, not only as spores but also as growing vegetative cells [14] . By definition, B. cereus is acrystalliferous, but a B. cereus strain carrying a functional cry gene is considered as a B. thuringiensis strain [15] . No virulence factors specific to B. cereus have been identified, and proteins thought to be specific to B. cereus have recently been found in B. thuringiensis isolates [6] .
B. anthracis
B. anthracis is the etiological agent of anthrax, an acute fatal disease found primarily among herbivores, but in fact all mammals are susceptible. In recent years, it has become best known for its use as a biological weapon [16, 17] . The bacterium is endemic or hyper-endemic in Africa, Asia and South America [15] but can be found in most of the world. B. anthracis spores are highly resistant to heat, ultraviolet and ionizing radiations, pressure and a variety of chemical agents and are thought to survive in the environment for decades and possibly centuries [18] . Despite the fact that B. anthracis shares the same ecological niche as B. cereus and B. thuringiensis, and can be readily isolated from contaminated soil samples, it is still unclear if its life cycle includes a vegetative stage outside the host [19] . Spores are ingested by herbivores and germinate within the host to produce vegetative cells, which multiply and produce virulence factors, ultimately killing the host. Upon death, large numbers of bacilli are released into the environment (i.e., soil), and sporulate upon contact with air, completing the life cycle.
B. anthracis can be differentiated from B. cereus and B. thuringiensis though microbiological and biochemical tests. B. anthracis isolates are non-hemolytic, nonmotile, penicillin-sensitive, susceptible to c-phage, and produce a poly-c-D-glutamic acid capsule [20] . Like B. thuringiensis, the ability of B. anthracis to cause a disease is primarily attributed to its plasmid content. Fully virulent strains of B. anthracis carry two large plasmids, pXO1 (181 kb) and pXO2 (96 kb) , which encode the machinery necessary to produce and regulate the anthrax virulence factors, the tripartite toxin and the capsule, respectively [21, 22] .
Molecular identification of members of the B. cereus group of organisms: One species on the basis of genetic evidence?
The classification and taxonomic separation of B. anthracis, B. cereus and B. thuringiensis has long been cause for controversy among bacteriologists, and distinguishing these species is rather difficult even with modern molecular tools. The close relationship among the different members of the B. cereus group of organisms has been established through the use of molecular techniques such as DNA-DNA hybridization [23] and more recently by comparing 16S or 23S rRNA sequences or 16S-23S rRNA spacer regions [2, [24] [25] [26] . However, these methods could not adequately differentiate members of this group. There are numerous reports of attempts at developing molecular typing systems that would discriminate between B. cereus, B. thuringiensis and B. anthracis. These included multilocus enzyme electrophoresis (MEE) [3, 8, 27] , multilocus sequence typing (MLST) [28] [29] [30] , fluorescent amplified fragment length polymorphism analysis (AFLP) [31] [32] [33] and rep-PCR fingerprinting [34] among others. None of these studies were able to consistently distinguish B. cereus from B. thuringiensis, but all showed a high level of genetic diversity between these two phylogenetically interspersed species.
In addition, these data confirmed that B. anthracis is a monomorphic species, in which the overall diversity among isolates cannot be accurately distinguished using these techniques. Suppression subtractive hybridization was also used to catalogue some of the unique genetic content of B. anthracis [35] . Ninety-three genomic differences were discovered that could potentially be used as ''signatures'' to discriminate B. anthracis from its closest relatives but not between B. anthracis strains. The inability to separate B. anthracis isolates from one another led the Keim Genetics Laboratory to develop a robust B. anthracis molecular typing system based on variable number of tandem repeats (VNTR). A multiple-locus VNTR analysis (MLVA) using 8 then 15 loci efficiently cluster B. anthracis in two major groups (A and B), with the A group widely distributed worldwide, while the B group has a limited geographic distribution [36] .
These molecular typing methods have yet to answer whether B. cereus, B. thuringiensis and B. anthracis belong to one unique species and are variants of that species. The simplest markers used for phenotypic differentiation of these species are all encoded on plasmids (i.e., the pXO2 encoded capsule gene cluster) [19] . The fact that plasmids can easily be transferred or lost makes these criteria unacceptable for typing purposes. For example, it is believed that a plasmidless isolate of B. anthracis is indistinguishable from B. cereus [37] . In addition, the isolation of B. cereus isolates containing the B. anthracis plasmid pXO1, with a novel capsule and associated with an illness resembling anthrax [20] , makes this classification inappropriate. B. anthracis appears to be a highly successful variant of the B. cereus group, with a large number of strains that have been isolated, simply because it is so easy to identify cases of classical anthrax, which in turn is a readily recognizable disease [38] . Is it possible that this ease of isolation has biased our view of this group and thus B. anthracis could represent an over-sampled B. cereus? RepPCR analysis placed B. anthracis as an independent lineage in a B. cereus cluster. Perhaps all these species should be classified as B. cereus and subsequently differentiated by their plasmid content, as suggested previously [3] ?
Analyses of large culture collections of B. anthracis, B. cereus and B. thuringiensis isolates by AFLP and MLST [20, 28, 31] have identified a class of organisms containing toxigenic B. cereus and B. thuringiensis that are closely related to B. anthracis. These isolates were phylogenetically distinct from environmental B. cereus and B. thuringiensis [31] and might represent the closest ancestor to B. anthracis.
It is with this view of the genetic diversity of the B. cereus group that we have entered the genomic era. This knowledge has driven our selection of organisms to sequence and genomic-scale tools have been can be used to attempt to settle these outstanding questions.
Genome sequencing projects completed and in progress
Like many other bacteria, the B. cereus group of organisms has benefited from the genomic revolution that started in 1995 with the publication of the first microbial genome sequence, Haemophilus influenzae [39] . Access to the genome sequence of a representative of each member of the group opens up the fields of transcriptomics and proteomics, and furthers our understanding of the mechanisms driving the specific pathogenicity of these organisms. In addition, armed with the genome sequence and a better understanding of the biology of B. anthracis, the generation of better and safer vaccine and anti-microbial drugs is possible. As described above, plasmid content confers some of the phenotypic traits used to distinguish B. anthracis, B. cereus and B. thuringiensis. Comparative genomics of members within the group can address the question -are these organisms separate species, or the same species carrying different plasmids?
The first B. anthracis genome sequencing project was underway prior to the Autumn 2001 mail anthrax attacks [40, 41] . This bioterrorism event has had an enormous impact on the number and choice of projects undertaken as genomic tools were applied to microbial forensics and biodefense/biopreparedness became a driver for a number of funding agencies.
To date, the genome sequence of 15 isolates from the B. cereus group of organisms are available in public databases (Table 1) and others are underway. Consequently, this group of bacteria provides one of the richest collections of near neighbor sequences and will likely profoundly impact future systematics efforts. B. anthracis genome projects account for two thirds of these projects (Table 1) . These 10 projects are aimed at establishing a better understanding of the genetic structure of the natural B. anthracis population, through the discovery of novel polymorphisms, and possibly of genes unique to certain strains. Single nucleotide polymorphisms (SNPs) were used to unravel the molecular evolutionary history of the group, and were the basis of a robust and finely detailed typing scheme for B. anthracis isolates [42] . The first draft genome to be published was that of the B. anthracis Ames strain isolated from the victim of the bioterror attack in Florida [42] . The choice was obviously motivated by the need to compare the draft sequence of this isolate to that of the Ames strain in progress at the time [40] at The Institute for Genomic Research (TIGR). The latter, a non-virulent isolate of the Ames strain was obtained from the Defense Evaluation and Research Facility at Porton Down, UK [43] , where it was cured of plasmids pXO1 and pXO2 by incubation at 43°C and by novobiocin treatment, respectively [40] . The attenuated B. anthracis Ames Porton Down strain was completely sequenced and released in 2003. The original B. anthracis Ames Ancestor strain, from which both the Florida and Porton Down isolates were derived, was sequenced to completion, and is the only fully virulent strain of B. anthracis completely sequenced to date. This strain was acquired in 1981 by researchers at the United States Army Medical Research Institute for Infectious Diseases (USAMRIID) from the Texas A&M Veterinary Medicine and Diagnostic Laboratory Bacteriology Department. The strain was originally isolated from a dead cow in Sarita, TX. An original culture received in 1981 and stored at USAMRIID since, was the source of genomic DNA for sequencing. This strain is the progenitor to all the Ames strains used in laboratories around the world, hence it is an important reference.
A set of six diverse isolates of B. anthracis was selected for genome sequencing to draft coverage (8·). These isolates were carefully chosen to represent as much genetic diversity as possible, as previously established through MLVA typing [36] . Three representatives of the A group (B. anthracis North Western America (AAER00000000), B. anthracis Vollum (AAEP00000000), B. anthracis Australia 94 (AAES00000000) - Table 1 ), two of the B group (B. anthracis Kruger B (AAEQ00000000), B. anthracis CNEVA (AAEN00000000) - Table 1 ) and one isolate belonging to the newly discovered C group (B. anthracis A1055 (AAEO00000000)) were sequenced and have been recently released to GenBank (Table 1) . Comparative analysis of these genomes to the B. anthracis Ames Ancestor genome has provided much insight into the epidemiology and ecology of B. anthracis [42] . Lastly, the sequence of B. anthracis Sterne 34F2 (pXO1 + , pXO2 À ), a strain used in laboratories around the world, and cured of plasmid pXO2 by Sterne in 1937, was also released in GenBank (AE017225). It is avirulent but maintains anthrax toxin production and is the derivative of most livestock vaccines in use throughout the world [44] .
B. cereus ATCC 14579 was selected for whole genome sequencing as it is non-pathogenic and is the Type strain for the B. cereus species [45, 46] . The genome sequence of this B. cereus ''background'' isolate was compared to the B. anthracis Ames Florida sequence in an attempt to provide a basis for whole-genome-based phylogenetic analysis [45] . This analysis was complemented by the completion of B. cereus ATCC 10987, a nonlethal dairy isolate phylogenetically more closely related to B. anthracis than B. cereus ATCC 14579 [47] . While the genome sequence of B. cereus ATCC 14579 did reveal a small previously unknown extrachromosomal linear molecule [45] , B. cereus ATCC 10987 contained a large circular plasmid with homology to the B. anthracis plasmid pXO1 [47] .
Another group of isolates has been selected for sequencing, as they were not identifiable as B. anthracis using classical biochemical and microbiological tests as detailed above. These isolates were shown to be highly virulent and were thought to be the cause of a disease resembling anthrax in both humans and animals. The first of these atypical isolates to be sequenced was B. cereus G9241 [20] , reportedly isolated from the sputum and blood of a welder with life-threatening pneumonia, whose clinical presentation resembled those of reported for 10 bioterrorism-associated inhalation anthrax patients from 2001 [17] . Interestingly, B. cereus G9241 harbors a plasmid with 99.6% identity to B. anthracis pXO1. Although homologues of pXO2-encoded capsule genes were not found, a polysaccharide capsule cluster is encoded on a second previously unidentified plasmid. B. cereus Zebra Killer (ZK) was isolated from a swab of the carcass of a dead zebra suspected of having died of anthrax in the Etosha National Park, Namibia. This isolate is phylogenetically the closest completely sequenced isolate to B. anthracis when typed by either AFLP or MLST [31] (Fig. 1) . B. thuringiensis 97-27 (subsp. konkukian (serotype H34)) was originally isolated from a case of severe human tissue necrosis in a 28 year old otherwise healthy male patient [10] . Biochemical tests and the presence of crystals in sporulation culture established the isolate as B. thuringiensis. The apparent pathogenic properties of this isolate is unusual for B. thuringiensis and unlike most B. thuringiensis strains, it is closely related to B. anthracis based on phylogenetic analysis using AFLP [31] . The genome sequences of these three isolates open the possibility of developing a better understanding of their pathogenic potential when compared to B. anthracis. These sequences may also provide a snapshot of the closest phylogenetic ancestors to B. anthracis. However, these strains are the exception rather than the rule, and may instead constitute another successful evolutionary lineage of B. cereus. Despite its importance as a biopesticide, B. thuringiensis as a non-pathogenic species is under-represented in the collection of whole genome sequences. A single genome, B. thuringiensis subsp. israelensis, has been sequenced to 8· and assembled in more than 800 contigs (www.integratedgenomics.com), but is not available to the scientific community for analysis. However, the sequence of the crystal toxin-encoding plasmid pBtoxis has been recently published [48] and showed some similarity with B. anthracis plasmid pXO1.
The isolates for which whole genome sequences are now available do not properly represent the diversity observed in the B. cereus group of organisms using methods such as MLST (Fig. 1) . The choice of strains sequenced so far reflects a bias driven by a need to understand rare pathogenic traits in some of these species. Two non-pathogenic B. cereus are available to the public and one non-pathogenic B. thuringiensis isolate has been sequenced, while 13 pathogenic isolates have been sequenced. The high number of B. anthracis strains sequenced has taken the whole genome sequencing approach to the limits of its resolution and has led to a phylogenetic resolution of the group never achieved for any other bacterial species [42] .
B. anthracis genomic analysis for molecular and forensic epidemiological purposes
The disciplines of emerging infectious disease and forensic microbiology have shifted from using biological phenotypes as markers to using more reliable and quantifiable molecular markers, such as SNPs [49] . B. anthracis, as shown above, has received considerable attention because of its demonstrated use as a biological weapon and the difficulties associated with forensic tracking of this genetically homogenous group of organisms [36, 42] . In response to the threat inherent to B. anthracis, vast resources have been allocated to develop diagnostic characters for this species through genome sequencing. Soon after the Autumn 2001 attacks [50] , a draft genome sequence of a B. anthracis Ames Florida strain was generated, and compared to the nearly complete genome sequence of the plasmid-less B. anthracis Ames Porton strain [41] . This analysis revealed 60 new markers that included SNPs, indels and tandem repeats. Only four differences were discovered between the main chromosomes of the Florida and Porton isolates (two SNPs and two short indels).
For the first time polymorphic markers discovered through comparative genome sequence analysis were used to test a collection of anthrax isolates and were able to divide these samples into distinct subgroups [41] . This study was critical in establishing that infectious disease outbreaks, both naturally occurring and maliciously released (bioterrorism), could be investigated through whole genome-based analysis. More importantly, the study introduced statistical models allowing scientists to discriminate true polymorphism from random sequencing error. This was critical as in light of the rapid generation of B. anthracis draft genome sequences. A draft genome is by definition unfinished, and the poor quality of portions of a draft sequence is of little use for polymorphism discovery.
The set of polymorphisms found when these two strains were compared was not sufficient for typing unsequenced strains. It was speculated that sequencing other distantly related B. anthracis strains might yield additional polymorphisms and increase the resolution of the method. A recent study applied this approach to a larger number of B. anthracis draft genomes and discussed the phylogenetic discovery bias that resulted from using SNPs extracted from whole-genome sequence comparisons [42] . More than 3500 rare high quality SNPs were discovered when the genome of five B. anthracis draft genomes were compared to the closed B. anthracis Ames.
A sub-set of 990 SNPs were then typed against a panel of 26 diverse B. anthracis strains using a high-throughput assay based on the SnaPshot primer extension protocol (Applied Biosystems). This data demonstrated that precise phylogenetic topologies could be achieved, yielding accurate information on internodal distances. In addition, using appropriate B. cereus outgroups, the authors were able to determine the evolutionary root of the B. anthracis clades. The root lies closer to a newly described group C than either of the two previously described A and B groups. Unequal evolutionary rates were observed among the sequenced isolates that could be correlated with ecological parameters and strain attributes, such as host availability in its natural environment. The young evolutionary characteristics of the B. anthracis group were confirmed by the rarity of SNPs and low overall homoplasy. Armed with this new set of markers, it is now possible to select ''canonical SNPs'' for identifying long branches or key phylogenetic positions [51] . A molecular typing strategy that maximizes the use of markers discovered through whole-genome comparison was recently established for B. anthracis [51] . PHRANA (Progressive hierarchical resolving assays using nucleic acids) is a nested approach that employs canonical SNPs, MLVA (15 loci), and simple nucleotides repeats (SNRs). PHRANA makes use of both the low resolving power of canonical SNPs and the high resolving power of SNRs, in a sequential manner. This approach allows for high-resolution and accurate representation of the relationships between B. anthracis isolates by minimizing the effect of homoplasy using a stepwise approach [51] . The genome sequences of two non-pathogenic B. cereus isolates (ATCC 14579 and ATCC 10987) have been completed and compared to that of B. anthracis [45, 47] . To better understand the degree of relatedness of members of the B. cereus group, one should compare the chromosome gene content and genetic structure. These organisms demonstrate a wide range of phenotypes and pathological effects, however these effects are often derived from factors encoded on extra-chromosomal elements, such as the large toxin encoding plasmid pXO1 in B. anthracis. Sequence analysis of nine chromosomal genes has suggested that B. anthracis, B. cereus and B. thuringiensis should be considered as one species [3] . Access to the complete genome sequence of both B. cereus and B. anthracis isolates gave the opportunity to revisit the question and explore the genetic content that governs some of these specific phenotypes.
A detailed comparative analysis of the genomes of B. cereus and B. anthracis, revealed a small subset of genes unique to either species, most of which are annotated as hypothetical [47] . The majority of these genes are located at the terminus of replication, indicating that genome plasticity mostly occurs in that region, as previously observed for other microbial groups [52] . These data suggest a history of insertion and/or deletion in the evolution of the B. cereus group [47] . It was observed that, in many cases, genes found at a specific position in one genome were replaced with others at the corresponding loci in another. These regions often were the result of insertion/deletion events of mobile genetic element such as phages, transposons, IS elements or metabolic adaptations. For example, a nine-gene urease gene cluster was identified in the genome of B. cereus ATCC 10987 that replaces the B. anthracis/B. cereus ATCC 14579 genes that encodes for hypothetical proteins, blasticidin S deaminase and S layer protein. Additionally, a xylose utilization operon was found to replace functions such as nitrate reduction, nitrite reduction and molybdopterin synthesis. The lack of nitrate and nitrite reduction appears to have been compensated by the acquisition of the urease operon, allowing the bacterium to use ammonia as a nitrogen source derived from urea. In addition, B. cereus ATCC 10987 contains a unique set of genes responsible for the transport and utilization of tagatose. This particular strain has been isolated during a study on cheese spoilage, where this carbohydrate can be found. This replacement might represent another example of metabolic adaptations to the carbohydrate-rich environment of milk [47, 135] . A cluster encoding for the arginine deiminase pathway was identified in both B. cereus ATCC 10987 and ATCC 14579 that, like in Streptococcus pyogenes, might enable B. cereus to survive in acidic conditions [45] . On the other hand, it is thought that ammonium inhibits receptor-mediated internalization of the lethal toxin, hence deletion of the arginine deiminase pathway in B. anthracis might be the result of an evolutionary adaptation to a pathogenic lifestyle [45] .
These specific evolutionary events represent niche specific adaptations, but do not eliminate the fact that they are highly similar and syntenic (conserved gene order). An analysis using normalized blast scores to compare the proteomes of B. cereus G9241, B. cereus ATCC 10987 to that of B. anthracis, demonstrated how syntenic these three genomes are [47, 135] . Fig. 2 represents a similar analysis with an added level of color-coded protein similarity and shows the high level of gene similarity and gene order (Figs. 2(a) and (b)), with no inversions or genetic rearrangements of large genome segments. This analysis also shows that B. cereus G9241 is more closely related to B. anthracis than to B. cereus ATCC 10987 ( Fig. 2(c) ). These bioinformatic results are mirrored in the increased pathogenicity of B. cereus G9241.
Using a B. anthracis DNA microarray, comparative genome hybridization (CGH) was performed with 19 diverse isolates from B. cereus group of organisms, including B. weihenstephanensis [40] . CGH confirmed the overall similarity of chromosomal genes among this group of close relatives. Interestingly, the set of core genes conserved across each members of the group is located around the origin of replication, This study also revealed six regions unique to the B. anthracis chromosome, comprising four phages regions and IS110 related insertion elements. Not surprisingly, the presence of non-toxin related pXO1 gene homologues were detected in half the 19 strains tested and is further evidence for the mobility of pXO1 genes within the B. cereus group (see section below). In contrast, there were few pXO2 gene homologues found in the set of isolates tested.
Chromosomally encoded genes that may contribute to pathogenicity, including hemolysins, phospholipases and iron acquisition systems were identified in the genomes of B. anthracis. These include genes similar to those known to boost viral infectivity by degrading the mucin layer of insect guts, and genes that contribute to the virulence of the Gram-positive pathogen, Listeria monocytogenes [40] . These genes and some newly identified surface proteins constitute potential targets for drug and vaccine development.
Analysis of the metabolic potential of both B. anthracis and B. cereus shows that these organisms have an expanded capacity for amino-acid and peptide utilization, and hence are equipped for a life in a protein rich environment. This lifestyle was emphasized by the presence of six amino-acid efflux systems, which prevent accumulation of amino acids to bacteriostatic concentrations during growth on peptides [40] . In addition, complex carbohydrate degradation appears to be favored by these organisms over small sugars. They indeed lack catabolic capacity for the utilization of mannose, arabinose and rhamnose among others, but seem to be capable of cleavage of extracellular chitin and chitosan [40] . These metabolic capabilities suggest that the most recent ancestor to the B. cereus group of organisms might have been able to thrive on animals or insects [53] .
Comparative analyses suggest that major differences between members of the B. cereus group might represent fine alteration in gene expression rather than the level of sequence divergence or gene content [40, 45, 47] . PlcR is a pleiotropic transcriptional regulator that upregulates the expression of more than 100 genes in B. cereus through binding to an upstream palindromic motif [45, 54, 55] . PlcR activity has been shown to be regulated by the presence of a secreted and reimported pentapetide produced from the processing of the PapR protein C-terminus [56] . The papR gene is itself upregulated by PlcR, forming a quorum sensing-like system [56, 57] . Proteomic-based comparative analysis of B. cereus ATCC 14579 and a DPlcR Fig. 2 . Blast score ratio analysis of B. cereus G9241, B. cereus ATCC 10987 and B. anthracis Ames Ancestor. Blast score ratios are obtained by dividing the Blast score for the most similar query peptide versus the reference peptide by the Blast score for the reference peptide against itself. The Blast score ratio can then be graphically represented as a synteny plot of two genomes using the genomic location of the best hit in each genome as the coordinates on the Cartesian plane [135] . These synteny plots demonstrate that pathogenic and non-pathogenic B. cereus group members have a high degree of similarity as indicated by the color of each peptide, represented by a dot, and conserved gene order The Blast score ratio for each of the query genomes can also be used to obtain an overall idea of similarity between the genomes compared (redhighly conserved in all three genomes; orange -unique to the genome used as the reference; green -shared between B. anthracis Ames Ancestor and B. cereus G9241; blue -shared between B. anthracis Ames Ancestor and B. cereus ATCC 10987).
variant of the same strain by two-dimensional gel electrophoresis has identified collagenase, phospholipases, hemolysins, proteases and enterotoxins genes that are PlcR upregulated [54] . Some of these activities are considered virulence factors in B. cereus and all of their associated genes displayed a PlcR binding box in the promoter region. Even though these genes are also found in B. anthracis, a nonsense point mutation in the PlcR gene is responsible for an abolition or dramatic reduction in their expression such that production of lecithinase, protease and hemolysins is undetectable [40] . A few genes encoding cytotoxin K and non-hemolytic enterotoxin C subunit, amongst others, have only been found in B. cereus [47] . The acquisition of the toxin encoding pXO1 plasmid and its regulator AtxA has been shown to be incompatible with the chromosomally encoded PlcR [58] . Interestingly, a recent study showed that a fused PlcR-PapR construct was able to restore strong hemolytic activities when introduced in B. anthracis [59] , indicating that these genes, while not upregulated, are still fully functional and have not undergone evolutionary decay. The loss of regulation of these chromosomally encoded genes might represent another example of an adaptive response of B. anthracis to a plasmid driven advantageous pathogenic lifestyle [40] and because these genes are still fully functional, it confirms the relatively young evolutionary age of B. anthracis. The genome sequences of one B. thuringiensis and two B. cereus isolates that were associated with severe disease have been sequenced in order to gain insight into their pathogenic potential. While one can only infer the pathogenicity of B. cereus ZK based on its isolation from a dead zebra, the opportunistic pathogenicity of B. thuringiensis 97-27 has been confirmed by infection of both immunosuppressed and immunocompetent mice [9] [10] [11] . On the other hand, the pathogenic characteristics of B. cereus G9241 are supported by the severe anthraxlike clinical presentation it caused. This isolate has been shown to be lethal in A/J mice challenged by intraperitoneal injections [20] .
The genome sequences of these isolates give us the opportunity for comparison to the non-pathogenic B. cereus isolate and B. anthracis. Structurally, these genomes show a high level of synteny and protein identity to B. anthracis and non-pathogenic B. cereus isolates. Overall, the proteome of B. thuringiensis 97-27, B. cereus ZK and B. cereus G9241 show a higher similarity to that of B. anthracis than to that of the non-pathogenic B. cereus ATCC 14579. These observations are in agreement with the phylogenetic position of these isolates relative to B. anthracis inferred using AFLP [31] or MLST ( [28] and Fig. 1 ).
In common with other members of the B. cereus group, B. cereus G9241, B. cereus ZK, and B. thuringiensis 97-27, share a set of genes that are associated with virulence, such as non-hemolytic enterotoxins, channel-forming type III hemolysins, a perfringolysin O (listeriolysin O), phospholipases C, and a family of extracellular proteases [60] . Interestingly, the hemolytic B. cereus ZK does not contain the hemolysin BL (hbl) operon, which is a primary factor in diarrheal B. cereus food poisoning [61] . In contrast, B. cereus G9241 contains four hemolysins (A, BL, II and III), and has also been shown to be phenotypically hemolytic [16] . In line with other B. cereus and B. thuringiensis isolates, these strains contain a plcR gene encoding for a full-length, potentially functional protein and a similar set of genes putatively upregulated by this protein, with a few exceptions. The histidine protein kinase (BC3528) homologous to the sporulation kinase KinB is a member of the PlcR regulatory network in B. cereus ATCC 14579 [45] and B. cereus G9241 [20] , but is absent in B. cereus ATCC 10987 [47] , B. anthracis, B. thuringiensis 97-27 and B. cereus ZK.
The genomes of these pathogenic members of the B. cereus group also contain metabolic adaptations similar to those found in the non-pathogenic group. For example, like B. cereus ATCC 10987, B. cereus ZK contains a $14 kb gene replacement consisting of a gene cluster responsible for the transport and utilization of tagatose [47] . Similarly, B. thuringiensis 97-27, but not B. cereus G9241 or B. cereus ZK, is able to utilize arginine through the arginine deiminase-dependent pathway, which is also found in B. cereus ATCC 14579 and B. cereus ATCC 10987 [45, 47] . These metabolic adaptations certainly reflect the environment in which each of the organisms thrive, and does not appear to be link to a pathogenic characteristic of any of these isolates.
Interestingly, and relevant to its pathogenic potential, a putative polysaccharide capsule cluster similar to the one present on B. cereus ATCC 14579 is also present on B. thuringiensis 97-27. While a distantly related polysaccharide capsule cluster is found in the same genomic location in B. cereus ATCC 10987 no polysaccharide capsule cluster is found on the genomes of either B. anthracis or B. cereus ZK. Unfortunately, no experimental data are available that demonstrate B. cereus ZK or B. thuringiensis 97-27 encapsulation in vivo or in vitro. In contrast, B. cereus G9241 has been shown to produce a capsule by staining with India ink [20] and a novel polysaccharide capsule gene cluster has been identified on one of its plasmids. However, no other identifiable capsule biosynthetic gene cluster has been identified in the genome sequence.
Comparative analysis of the genome of these pathogenic isolates do not conclusively provide the informa-tion necessary to assign a particular set of genes to their virulent phenotype. Many of the differences are shared with other non-pathogenic counterparts. It appears that B. cereus ZK shares the most similarity with B. anthracis, justifying AFLP typing data as the closest phylogenetically isolate to B. anthracis [31] . These isolates all contain small and/or large plasmids, for which sequence is now available. A detailed analysis of these plasmids might provide a better insight into the pathogenicity of their host isolates.
The B. cereus group of organisms plasmid sequence comparisons
Historically, pathogenic potential and diverse host range have defined the members of the B. cereus group. The small, usually metabolic-based differences found in the chromosomal content cannot account for the spectrum of disease and host range observed in this group. However, much of the disease and host specificity in this group can be attributed to plasmid content. The plasmids associated with the B. cereus group of organisms have broad size range (5-200 kb) and vary in number ( [62] and Table 2 ). Questions about their role in the life cycles of the species that harbor them remain. The most striking example of the plasmid content affecting host range and pathogenesis occurs in B. anthracis. B. anthracis harbors two plasmids, one that encodes the tripartite lethal toxin complex, pXO1 [22] and the other, which contains the biosynthetic genes for the poly-c-D-glutamic acid capsule [21, 63] . While each plasmid is a distinct entity, it has been shown that loss of either one results in an attenuated B. anthracis isolate. The role of the B. anthracis plasmids in pathogenesis is exquisitely known, however, the function of the other plasmids in the group is relatively unknown. However, one could expect that these plasmids encode the peptides responsible for the specific phenotypes that differentiate the members of this group. 6.1. General features of the B. cereus group plasmids identified in genome sequencing 6.1.1. B. anthracis plasmids 6.1.1.1. pXO1. The 181-kb plasmid pXO1 encodes genes for the production and regulation of the tripartite lethal toxin. The three portions of the lethal toxin are produced separately and assembled. The eukaryotic membrane-interacting protective antigen (PA) is expressed as a pre-protein and proteolytically processed into its active form, known to elicit a protective immune response against anthrax [64] . The toxin has two additional components -the lethal factor (LF) and the edema factor (EF), which are responsible for the proteolytic cleavage of several mitogen-activated protein kinases (MAPKKs) and convert intracellular ATP into cAMP, respectively. The biological activities of these subunits are not fully characterized but result in aberrant signaling inside the macrophages and fluid accumulation in the lung [65] . All three subunits are required for active toxin production and activity (for reviews see [66] [67] [68] [69] [70] ). The three structural genes, cya (EF), lef (LF) and pagA (PA), are under the control of at least two regulatory elements, AtxA and PagR [71] , and have been shown to be expressed early in the growth of B. anthracis [72] . These genes are encoded within a 44.5-kb pathogenicity island that is transpositionally active [19] . However, its inversion does not appear to affect virulence [41] . Within the isolates of B. anthracis for which the genome sequence is available, the pXO1 sequences are highly similar. Apart from a small number of SNPs, SNRs and VNTRs, no large insertions or deletions have been observed [41] . To date only one B. anthracis isolate has been identified without the pXO1 plasmid [42] . This isolate represents a new lineage in the B. anthracis group. However, little information is available for this isolate and it is possible that pXO1 might have been lost during laboratory passages.
The level of sequence coverage obtained for pXO1 from whole-genome shotgun sequencing projects can be used to estimate the molecular ratio of plasmid to chromosome [41] . For pXO1, the copy number has been suggested to be 2-3 copies per chromosome copy ( [41] and this study). This estimate appears to be much higher than indicated by other studies [73] , and certainly represents a snapshot of the dynamic plasmid content in the bacterium at the time of genomic DNA preparation.
The origin of replication of pXO1 has never been conclusively identified [22, 74] . It has been suggested that it lies within an 11-kb region discovered by subcloning [22, 75] , however this region does not contain any genes similar to other known plasmid replication systems. This is a recurring theme among the large plasmids of the B. cereus group and is addressed further below. While many studies have focused on the toxin and its regulators, five years after the complete sequence of pXO1 was first published [22] , 148 of the 204 potential coding sequences (72.5%) remain functionally unidentified. Detailed transcriptional mapping studies should be able to refine the annotation and in the process identify novel genes involved in the pathogenicity of the organism in the future. 6.1.1.2. pXO2. pXO2 (96 kb) encodes for the synthesis and degradation of another well-known virulence factor, the poly-c-D-glutamic acid capsule [76] . This capsular material is thought to protect the vegetative bacterial cells during transit through the macrophage, hence evading the host immune response and increasing systemic sepsis [77] . The poly-c-D-glutamic acid capsule is produced by a three-gene operon capABC under the control of a number of regulators including the toxin regulator AtxA encoded on pXO1 [71] , and the pXO2 encoded regulators AcpA and AcpB. Degradation of the capsular material, by CapD [78] , encoded on pXO2, results in high and low molecular weight forms of the capsule, both of which essential for infection [79] . B. anthracis Sterne lacks pXO2, and is commonly used around the world as an anthrax veterinary vaccine. Very little is known about the molecular mechanism for the transport of the capsular material to the surface of the bacterial cell.
The first complete sequence of pXO2 was obtained from a B. anthracis Pasteur strain (pXO1
[21] and encodes 104 genes for which 78 do not have functional assignments (78/104, 75%). In contrast to pXO1, the pXO2 replication region has been identified and, recently, a 60-nucleotide region essential for the initiation of plasmid replication has been characterized [80] . pXO2 is a theta replicating plasmid similar to the prototypical pAMb1 plasmid from Enterococcus feacalis. Detailed analysis of the replication machinery is provided below. Several studies have indicated that pXO2 sequences are not widely distributed among closely related species based on CGH, hybridization and PCR experiments [40, 63] . Only one isolate, B. thuringiensis AW06, showed any significant sequence similarity to pXO2 in previous studies, however the B. thuringiensis plasmid pBT9727 described in this work has significant similarity to pXO2 (see below).
B. cereus plasmids
In contrast to the conserved plasmid content observed among B. anthracis, B. cereus isolates contain a diverse range of plasmids -no strains have yet been identified with identical plasmid content. B. cereus plasmids vary from 5-to almost 500 kb in size and only a limited number have been implicated in pathogenesis (Table 2) . A subset do not encode for any obvious phenotypes and may be considered cryptic. B. cereus genome projects have identified a large number of plasmids, and their analysis has revealed a number of conserved regions within the large plasmids group. The smaller plasmids, in contrast, show greater similarity to B. thuringiensis smaller plasmids.
pBc10987.
A single 208-kb plasmid, named pBc10987, was identified from the non-pathogenic isolate B. cereus ATCC 10987 [47] . pBc10987 shows surprising similarity to the plasmid pXO1 of B. anthracis (40% nucleotide identity), however it lacks the pathogenicity island (PI) containing the genes that encode for the tripartite lethal toxin and its associated regulators [47] . In lieu of the pXO1 PI, pBc10987 contains genes potentially involved in adaptation to either an environmental or pathogenic lifestyle. Environmental adaptations of pBc10987 include a copper requiring tyrosinase, arsenite resistance and its associated regulators as well as an amino acid transport system. The pathogenic adaptations comprise of two potential novel toxins [22, 47] . Unlike the PI in pXO1, this region in pBc10987 is not flanked by mobile genetic elements, suggesting that it has not been lost from pBc10987 [22, 47] . These findings suggest that in conjunction with the chromosome, B. cereus group plasmids contribute to the metabolic fitness of the species.
In addition to these potential metabolic or pathogenic adaptations, a number of aspects of plasmid biology and chromosome-plasmid crosstalk are conserved between pXO1 and pBc10987. Like pXO1, the replica-tion machinery of pBc10987 has not been identified using bioinformatics tools, however the similar plasmid copy number ($1-3 copies per cell) suggests that the replication mechanism is conserved between the two. Divergent copies of abrB, a pleiotropic transition state regulator, are present on pXO1 and pBc10987, as well as the chromosomes of B. anthracis and B. cereus ATCC 10987. AbrB has been shown in B. subtilis to modulate the switch between biofilm formation and sporulation [81] , as well as regulating competence [82, 83] . In B. anthracis, AbrB has been shown to negatively regulate toxin production [84, 85] . While pBc10987 and pXO1 AbrB proteins are similar, they differ significantly at their N-terminus, in that the pXO1 protein is 27 amino acids shorter rendering it potentially inactive [84] . The role of the pBc10987 encoded AbrB protein is currently unknown, but it is speculated that it acts as a regulator of the genes replacing the pXO1 pathogenicity island [47] .
Besides AbrB, there are two more examples of possible genetic exchange between the chromosome and the plasmid of the B. cereus ATCC 10987. Identical copies of a transposable element similar to the S. aureus Tn554 [86] are present on both the chromosome and plasmid. There are four genes associated with the Tn554-like element and one, bclA, is of interest. In B. anthracis, multiple functions have been attributed to BclA. It is the major spore surface antigenic protein [87, 88] and has been shown to play a role in the depth determination of the spore coat [89] . Divergent proteins of the same family as BlcA have been found on the chromosomes of B. anthracis and some plasmids of B. thuringiensis [90] . Interestingly, the bclA gene in B. anthracis is limited to the chromosome, whereas in B. cereus ATCC 10987 similar copies of bclA are present on the chromosome and the plasmid. The presence of similar genes on other plasmids suggests that genetic exchange occurred between plasmids and chromosomes in the B. cereus group of organisms.
pBCXO1 and pBC218. B. cereus G9241 has
been associated with an illness resembling inhalation anthrax [20] . Initial CGH studies revealed that B. cereus G9241 contained genes with a high degree of hybridization to pXO1, including all three anthrax toxin genes, however, no hybridization was observed to pXO2. Unexpectedly, a 191-kb plasmid with a high degree of similarity and synteny to B. anthracis pXO1 was found in B. cereus G9241 [20] . In addition, B. cereus G9241 contains a second 218-kb plasmid, previously unidentified, that encodes a novel polysaccharide capsule biosynthetic cluster. These plasmids are expected to contribute greatly to the observed anthrax-like clinical presentation.
The pXO1-like plasmid, named pBCXO1, is 99 .6% identical to pXO1. This similarity extends to the pXO1 virulence genes, protective antigen (99.7% amino acid identity), lethal factor (99% amino acid identity) and edema factor (96% amino acid identity), as well as the known virulence regulatory proteins AtxA (100% amino acid identity) and PagR (98.6% amino acid identity) [20] . Price et al. [91] have previously used minor variations in the protective antigen (PA) protein as a classification system. Using this system, pBCXO1-encoded PA is most similar to genotype V, often associated with the western North America diversity group of B. anthracis [20] . ELISA experiments demonstrated that PA was present in the supernatant of a stationary phase culture, however it is unclear which protective antigen subunit was recognized by this assay [20] . This high level of identity between pXO1 and pBCXO1 suggests that both isolates acquired their plasmid from a common ancestor or that transfer occurred into B. cereus G9241 from B. anthracis. The successful transfer of pXO1 from B. anthracis to a close relative with the aid of a mobilizing plasmid [92] supports the latter.
The regulators, PlcR and AtxA, have been shown to be functionally incompatible in B. anthracis. The introduction of pXO1-encoded AtxA is thought to have led to the selection for the plcR nonsense mutation in B. anthracis [58] . Interestingly, B. cereus G9241 appears to encode fully functional copies of both PlcR and AtxA. However, PlcR contains a region of lower similarity to B. anthracis PlcR that is thought to compensate for the presence of AtxA or represent another potentially inactive form of PlcR. It is also hypothesized that the pBCXO1 plasmid may have been acquired recently and the incompatibility has not had time to generate a nonsense mutation. In light of the discovery of this important organism, functional studies of B. cereus G9241 regulatory pathways must be performed to develop a better understanding of this evolutionary event.
B. cereus G9241 contains a second plasmid, pBC218 ($218 kb), with limited similarity to a region in pZK467 ( Fig. 3(b) ). Intriguingly, pBC218 carries a second copy of atxA, however the gene product is only 78% identical to the B. anthracis homologue [20] . In addition, pBC218 encodes some of the known B. anthracis virulence factors [20] . Genes encoding for a homologue of the protective antigen peptide ($60% amino acid identity) and the lethal factor ($36% amino acid identity) are also found on pBC218, however the plasmid does not contain a homologue of the edema factor. The lethal factor is significantly truncated when compared to that of B. anthracis pXO1 and is probably not functional. In contrast, the pBC218-encoded protective antigen peptide is identical to B. anthracis at all 10 dominant negative amino acid residues identified by Mourez et al. [93] . Another 33 residues were identified that resulted in decreased activity when substituted by cysteine, of which 27 are identical in pBC218-encoded protective antigen, with the remaining six being conservative substitutions [20, 93] . The presence of these additional toxin subunits is raising some interesting questions about their putative function in the pathogenesis of this organism. Could the pBC218-encoded PA form a complex with the pBCXO1 lethal factor and edema factor to form what would appear to be novel functional anthrax toxin? How do these fragments interact and are they coordinately regulated?
India ink staining and microbiological analyses demonstrated that B. cereus G9241 is encapsulated and that capsule production is not regulated by increased CO 2 concentrations like the B. anthracis pXO2-encoded poly-c-D-glutamic acid capsule. Interestingly, It was previously thought that B. cereus, as a species in the group, did not produce capsule [6] . Further examination of the pBC218 sequence revealed a putative polysaccharide biosynthetic operon, representing the only capsule biosynthetic cluster identified in the genome of B. cereus G9241. This gene cluster is thought to be responsible for the capsule produced by this isolate. The lack of any other capsule suggests that this plasmid-encoded polysaccharide capsule might compensate for the lack of poly-c-D-glutamic acid capsule and help B. cereus G9241 to evade the host immune system.
The plasmid content of this isolate represents a composite of B. cereus and B. anthracis. It also raises interesting questions regarding the regulatory interaction between AtxA and PlcR, the assembly of the toxin and the role of the novel capsule in pathogenesis.
pBClin15.
A $15-kb linear plasmid, pBClin15, was identified by genome sequencing of B. cereus ATCC 14579 [45] . This plasmid contains none of the typical replication machinery associated with small plasmids identified in either B. cereus or B. thuringiensis, but does contain genes that suggest that it may represent a novel phage. Recently, it has been reported that pBClin15 shows some level of similarity to the Bam35 phage of B. thuringiensis var. alesti strain 35 [94, 95] . Additional comparisons and experimental data suggest that Bam35 can exist both as a prophage and a free phage [95] . In contrast to Bam35, pBClin15 lacks terminal inverted repeats that may allow protein-primed replication, an observation that led to the suggestion that pBClin15 is a degenerate phage [95] .
B. cereus Zebra Killer (ZK) plasmids
The plasmids from B. cereus ZK represent a novel set of plasmids carried by an isolate that causes a disease resembling anthrax in animals (P.C.B. Turnbull, personal communication). Five distinct plasmids were identified in the genome of B. cereus ZK, representing the largest number of plasmids harbored by a strain of B. cereus so far. Interestingly, the three small plasmids (less than 10 kb, Table 2 ) pZK5 (CP000041), pZK8 (CP000043) and pZK9 (CP000044) are more similar to known B. thuringiensis plasmids than any previously sequenced B. cereus plasmids, whereas the larger two plasmids, pZK54 (CP000042) and pZK467 (CP000040), share characteristics with pXO2 and pBC218, respectively. The three small plasmids are predicted to replicate through a rolling-circle mechanism; their functional annotation is mostly limited to the identification of replication and mobilization proteins. pZK54 ($54 kb) encodes a pXO2-like putative theta replication system, however no identifiable replication system was found in pZK467 ($466 kb), as in pXO1 [17, 76] . pZK467 and pBC218 share an approximately 40-kb region where synteny is retained, however, no functional assignments exist in this region ( Fig. 3(b) ). pZK467 is the only known plasmid with similarity to pBC218. A large number of transposase genes or mobile elements have been identified in these two large plasmids. These elements may facilitate gene exchange between plasmids as well as between plasmids and the chromosome. None of the B. cereus ZK plasmids encode homologues of known virulence factors in B. anthracis, B. cereus or B. thuringiensis [6] . Sequence analysis of B. cereus ZK plasmids does not improve our understanding of the pathogenicity of this organism, which currently remains unclear. Analysis of the relative copy number of these plasmids obtained from sequence analysis indicates that each has a copy number of 1-2, except for pZK5 which is estimated at $0. 6 . These data might suggest that pZK5 is unstable under the laboratory culture conditions employed and is in the process of being lost.
B. thuringiensis plasmids
Phenotypic characterization of B. thuringiensis is often based on the presence of plasmid-encoded large Cry protein inclusions of the d-endotoxin [48] . Recently, a study by Andrup et al. [90] described six B. thuringiensis plasmids (less than 20 kb) that did not carry the cry gene. It is possible to group B. thuringiensis plasmids based on the similarity of their replication and mobilization machinery, however this system did not extend to the larger B. thuringiensis or B. cereus plasmids.
6.1.4.1. pBtoxis. In addition to the four known Cry and two known Cyt toxins, the 128-kb circular plasmid, pBtoxis encodes a third Cyt-type sequence with an additional C-terminal domain previously unseen in such proteins [48] . B. thuringiensis subsp. israelensis carries pBtoxis, and its toxin crystals have been demonstrated to be one of the most toxic combinations tested [96] . However, it is unclear if this toxicity is related to the specific combination of toxins or to toxin interaction with other plasmid encoded features. GC skew analysis indicated a putative origin of replication, however no replication proteins has been identified, similar to the other large B. cereus group plasmids ( Table 2) . The coding sequences adjacent to this region in pBt001 showed >78% amino acid identity to pXO1-49, and is located near a similar putative replication origin on pXO1, also predicted by GC skew analysis. However, experimental functional evidence is not available.
In addition to the toxin genes, pBtoxis encodes a number of genes that are thought to enhance crystal formation and subsequent cell viability by acting as chaperones. Interestingly, like pBC10987 and pXO1, pBtoxis encodes peptides that are involved in host sporulation and germination [21, 47] . The exact role of these proteins is unknown, however in B. anthracis the lack of these genes on pXO1 is detrimental [97] . One of the more surprising findings in pBtoxis is the presence of a set of genes potentially involved in the biosynthesis and export of a cyclic peptide antibiotic similar to Enterococcus faecalis AS-48 [48] . One can speculate that this peptide could provide B. thuringiensis with a competitive advantage in the environment or act as a signalling molecule. 6.1.4.2. pBT9727. B. thuringiensis 97-27 has been shown to produce crystal protein in sporulated culture by direct microscopic examination [54] . Detailed sequence analysis of pBT9727 (CP000047), the sole plasmid found in B. thuringiensis 97-27, did not reveal any genes encoding for the Cry toxin with similarity to already known B. thuringiensis toxin genes. Interestingly, pBT9727 shows similarity to B. anthracis pXO2. Comparison of the predicted coding regions of the two plasmids revealed that pBT9727 shares 89% (82/92) of its putative coding sequences with pXO2. Their replication proteins are almost identical and the predicted origin of replication is well conserved (Fig. 4, cf. [80]). The level of protein similarity, combined with the conservation of gene order, suggests that these plasmids might have diverged recently. Like pBC10987 and pXO1; pBT9727 and pXO2 share a common backbone ( Fig.  3(a) ). The pXO2 region encoding for the poly-c-D-glutamic acid capsule biosynthetic genes is replaced on pBT9727 with genes encoding hypothetical proteins and putative mobile elements. This replacement suggests that pBT9727 might have evolved to fulfil other functions than providing this isolate with capsule biosynthetic genes.
Replication and mobility mechanisms of the B. cereus group plasmids

Unidentified replicons
The following plasmids have no identified replication system: pXO1, pBCXO1, pBC10987, pBC218, pBtoxis and pZK467 (Table 2) . A number of hypotheses have been put forward to account for this lack of clearly identifiable replication machinery, including that these plasmids carry a novel replication mechanism [47] . Attempts have been made to identify the regions involved in the replication machinery of pXO1 using subcloning. Kaspar and Robertson [75] identified an 11 kb region that is thought to play a role in pXO1 replication. However, this region does not encode genes with similarity to any other plasmid replication system known. One gene, a type I DNA topoisomerase was identified by comparison of pBC10987 (BCEA0140, [47] ) and pXO1 (BXA0213, [41] ). This protein appears to be conserved in the following large B. cereus plasmids with an unidentified replication system pBc10987, pOX1 and pBCXO1, and is also found in pZK467 but where it is thought to be non-functional as it is in three gene fragments (pZK467_319-321). No homologue to this peptide is present in pBC218 or pBtoxis. In pBc10987, this type I DNA topoisomerase may associate with a putative DNA polymerase III b-subunit thought to increase the processivity of replication [98] . Unfortunately, this second gene is not present in any of the other large B. cereus group plasmids. It may participate in pBc10987 replication but does not appear to be essential for the replication of all members of this group of plasmids. Another plasmid-borne replication gene candidate is a host-factor-like protein (BCEA0146 -pBc10987; BXA0206 -pXO1; pZK467_0115 -pZK467, ORFBT116 -pBtoxis). These peptides have nucleotide binding domains and are similar in all large B. cereus group plasmids lacking an identifiable replication system. While it is unlikely that this peptide accounts for the entire replication machinery, it is a conserved plasmid-encoded peptide.
One alternate hypothesis is that B. cereus plasmids with no identifiable replication system are actually the result of reduction of an ancestral chromosome.
Many of the genes found on these plasmids have significant similarity with chromosomally encoded genes from other members of the B. cereus group, B. subtilis, Bacillus halodurans and other low G+C Gram-positive species such as Listeria and Staphylococcus. Additionally, the GC skew, gene organization and gene orientation bias of these large plasmids appear more similar to that of chromosomes. In line with the chromosomal reduction theory, one can speculate that the replication machinery for these plasmids is actually chromosomally encoded and only the actual origin of replication is present on the plasmids themselves. Recent work has identified a chromosomally encoded helicase in the B. cereus group of organisms similar to that of Staphylococcus aureus plasmid pT181 [99, 100] . This helicase, PcrA, functions as a nickase and can initiate replication of pT181. The B. anthracis PcrA has been shown to function as a helicase and initiate replication of pT181. It is thought that the B. cereus homologues could perform similar function on plasmids that do not have a clearly recognizable replication system. Additionally, such a system would explain why the replication regions of these plasmids have gone undiscovered.
Theta replicons
Based on similarity to other replication proteins identified from plasmids in the B. cereus group and other Gram-positive organisms, the origin of replication was readily identified in pXO2 [101, 102] . While well characterized in B. thuringiensis plasmid pAW63, the pXO2 origin of replication was not functionally characterized until recently [80] . Tinsley et al. [80] demonstrated that the minimal replicon comprises solely of the RepS peptide (BXB0039) and the origin of replication. In addition, the functional origin of replication was shown to be limited to a 60 bp region to which RepS specifically binds ( Fig. 4(a) ). Furthermore, RepS was shown to bind to the single stranded form of this region, providing further evidence that RepS is responsible for the initiation of replication. pBT9727 origin of replication (59/60 nucleotides) and RepS are similar (91% amino acid identity) to that of pXO2 indicating that pBT9727 belongs to the theta replicating plasmid family. On the other hand, plasmid pZK54 is tenuously categorized as a theta replicating plasmid based on similarity of the replication associated protein, pZK54_001. pZK54 lacks the mobilization protein and the 60 nt origin of replication identified by Tinsley et al. [80] , suggesting that a putative novel mechanism might be involved in pZK54 maintenance and mobility.
All theta replication proteins from B. cereus group plasmids share a significant level of similarity and cluster together phylogenetically suggesting a common ancestral origin ( Fig. 5(a) ).
Rolling circle replicons
All B. cereus group small plasmids (<10 kb) appear to replicate through a rolling circle mechanism. Sequence analysis and comparison of all B. cereus replication proteins, including theta and rolling circle, allow for clustering of these plasmids into distinct groups (Fig. 5) . This comparison includes type sequences for each plasmid group as determined by Andrup et al. [90] . All small rolling circle plasmid replication proteins clustered together and are clearly distinct from theta replication protein sequences. pZK8 and pZK9 both clustered with group VII plasmids as defined previously [90] . pZK5 is also a group VII member but might represent an outlier to this group. Classification of the small rolling circle replicating plasmids by this sequence analysis is a robust and effective way to identify the mode of replication for such plasmids.
Plasmid mobility
While the B. anthracis plasmids have not been directly shown to be self-transmissible, previous reports have demonstrated that some of them can be mobilized with the help of conjugative plasmids [74] . B. thuringiensis subsp. israeliensis pXO16 is an example of such a conjugative plasmid [74, 103] . Interestingly, no transfer or mobilization regions are identifiable in the sequence of B. cereus large plasmids. In contrast, the mobilization proteins encoded on the smaller B. cereus ZK and other B. thuringiensis plasmids suggests that they may be selfmobilizable but, lack the ability to create pores to transfer themselves to the recipient cells. It is possible that the combination of the mobilization capabilities of one plasmid and an unidentified membrane associated transfer system from another plasmid will allow transfer of both/all plasmids from the donor cell to a willing recipient cell. The B. cereus large plasmids harbor candidate pore formation genes, such as the TraD/G conjugation Fig. 5 . Comparison and clustering of B. cereus group plasmids based on replication and mobilization proteins. Replication or mobilization proteins, as identified by annotation, were aligned and compared using CLUSTALW. The unrooted neighbor-joining phylogenetic trees were generated amd displayed with Tree View. Theta-replicating plasmid proteins are within the blue ovals, Rolling circle replication plasmids of group IV are in the green ovals and only two members of the group III family replication proteins could be identified for inclusion. proteins, that could form a pore through a membrane complex however their functionality has not been demonstrated experimentally. Sequencing of mobilizable B. cereus group plasmids such as pOX11 [92] , pXO12 [92] or pXO16 [74, 104] would advance our understanding of plasmid transfer mechanisms in this group of organisms. A number of limited studies have been undertaken that demonstrate that B. cereus group plasmid transfer is not affected by DNase, involves membrane interaction [74] and in some cases employs an Ôaggregation substanceÕ [104] , all which suggest a conjugative transfer mechanism.
Based on sequence analysis of the plasmids of the B. cereus group of organisms, it is evident in some cases that the significant differences observed in pathogenicity and host range are often dictated by genes carried on plasmids. As suggested for Yersina pestis [105] , where pathogenicity and host range is determined by the plasmid content of an isolate, the designation of ''plasmidovar'' would be applicable to the B. cereus group of organisms, such that B. anthracis would be B. cereus plasmidovar anthracis.
The phage of the B. cereus group
Besides plasmids, bacteriophages are another important source of gene flow in bacteria. Bacteriophages are viruses that infect bacteria. Bacteriophage can be either lytic, redirecting cellular processes for the sole purpose of producing additional virus progeny, or temperate, insetting themselves into the host bacterium genome where they are transmitted ''benignly'' from generation to generation in concert with a host replicon. Bacteriophages have an extremely high degree of host specificity and may integrate as a prophage into a unique site or multiple locations in the host genome. This specificity has been exploited as typing feature [106] and proposed as a possible therapeutic intervention in the treatment of bacterial diseases [107, 108] . As an increasing number of bacterial genomes are being sequenced, more prophage are being identified and the distribution and diversity of bacteriophage is beginning to be appreciated (for recent reviews, see [109, 110] ).
Genes carried by bacteriophage encode proteins that modulate lysogenic conversion of the host and may provide a selective advantage [111] . The prophage may remain competent to enter a lytic cycle in response to appropriate induction signals or may remain quiescent for generations. Over time, the prophage may acquire mutations that preclude their re-entry into a lytic cycle of growth, while genes originally carried by the virus can remain active in the host extending the lysogens niche over non-lysogenic isogenic strains. In fact, there are several examples of phage-derived sequences representing in excess of 10% of a sequenced bacterial genome [109] . Phage can also facilitate horizontal gene transfer and promote genomic rearrangements, a factor that has contributed to the emergence of bacterial pathogens (for review, see [112] ). This is most clearly demonstrated in a comparison of the genomes of two E. coli stains, the benign K12 and the virulent O157:H7 where significant genetic differences between these two strains can be attributed to differences in prophage content [113] .
While the best-characterized phage in the Grampositive Bacillus genera are from B. subtilis, similar prophages have been identified in all members of the B. cereus group. We recognize that the identification of prophage in bacterial genomes is non-trivial [109, 110] . Consequently, the current estimates of the prophage contribution to the genomic content of the members of the B. cereus group should be regarded as conservative and tentative.
Genomic phage content
Each of the 10 B. anthracis genome sequences contains four prophages located in the same genomic location. These prophages have been designated LambdaBa01-04 [40] . The B. anthracis prophages appear to be unique to B. anthracis, however, prophage LambdaBa01 is at least partially present in B. cereus ZK (Fig. 6) . Interestingly, while the gene content appears to be conserved the relative genomic location is different. Whether these differences represent a subtle variation in species-specific phage integration sites, or provide an evolutionary insight into the relationship between B. cereus ZK and the B. anthracis are important questions that have not yet been resolved.
Three prophages have been identified in the genome sequence B. cereus ATCC 10987, while B. cereus ATCC 14579 contains six putative integrated prophages and a linear non-integrated phage, designated pBClin15. B. cereus G9241 contains a not well-characterized cryptic phage of 29,886 bp (pBClin29, [20] ) that encodes phage-like proteins and a plasmid replicon similar to B. anthracis pXO2. Interestingly, the B. thuringiensis 97-27 genome appears to contain as many as 10 prophages on the chromosome and two prophage on the pBT9727 plasmid. Including the B. anthracis LambaBa01-like prophage, B. cereus ZK genome may have as many as 27 chromosomally encoded prophages, based on the occurrence of distributed phage genes, and an additional nine in plasmid pZK467, and four in pZK54. None of the putative prophage integration sites in B. thuringiensis 97-27 or B. cereus ZK appear to be associated with tRNA genes as is often the case [114] . These high numbers of prophages may be an overestimate as some consist of only a few genes with some degree of similarity to other phages.
Lytic induction
An important test of prophage competence is the ability to initiate a lytic cycle by induction. We have demonstrated the competence of several prophage to induce a lytic cycle using a standard mitomycin C treatment from a number of B. cereus and B. thuringiensis strains (Rasko, unpublished) . Not surprisingly, it was shown that the host-range of these phages is restricted to the species or strain from which they were obtained. However, there is one notable exception, strain B. cereus ATCC 4342 can be used to propagate the Gamma and Cherry phages that were previously thought to be limited to B. anthracis strains [106, 115] . The factors responsible for the expansion of the phage range are currently under investigation. Finally, it is interesting to note that typing with MLST places B. cereus ATCC 4342 in the phylogenetic clade that contains B. anthracis and may represent a close evolutionary relationship (Fig. 1). 
Exploitation of phage
Given the high degree of specificity and limited host range of bacteriophage, it seems quite reasonable to use them and their encoded activities as a means of strain identification and infection control.
Use as a typing tool for B. anthracis (Gamma and Cherry phage)
While there are four prophages in each of the B. anthracis genomes sequenced to date, clinical laboratories utilize, in combination with a number of biochemical tests, cell lysis with Gamma phage as a phenotypic characteristic in the identification of B. anthracis [106] . Sensitivity to Gamma phage remains highly specific to B. anthracis, however B. cereus ATCC 4342 is also sensitive to Gamma phage. As more isolates closely related to B. anthracis are being isolated with pathogenic characteristics, Gamma phage sensitivity among B. cereus isolates will become increasingly common and will reduce the discriminating power of this assay to differentiate B. anthracis from B. cereus.
Use of phage lysis protein as a biological control
While the complete sequence for Gamma phage is not yet available, its lysis protein, PlyG, has been cloned, sequenced and characterized [115] . The lytic activity appears to be restricted to B. anthracis, however the specificity of this activity has not been fully elucidated. It has been suggested that the lysin proteins from the lysogenic phages of B. anthracis could be utilized as a method for biological control. The specificity for B. anthracis of such proteins has been previously demonstrated [115] and used for clinical typing of B. anthracis (see above). This activity may also be applied to specifically lyse B. anthracis in other situations, such as treatment of infections. The possibility of using these proteins as biological control mechanisms holds promise, but cross reactivity with certain B. cereus strains could be a problem [115] and, more importantly, the lytic activity of these proteins is limited to vegetative cells. These proteins do not affect B. anthracis spores, the infectious particles. A strategy has been suggested that employs the use of spore germinant solutions to induce the outgrowth of vegetative forms in combination with a lysin solution to destroy emergent vegetative cells. The rapid concerted conversion from spores to vegetative forms (less than 10 min) [116] suggests that this approach could be applied successfully. Both the germinant and lysin solution should be harmless enough to both man and machine to use not only in the case of a bioterror attack, but also as prophylaxis for the treatment of troops and machines returning from anthrax contaminated areas. Additionally, since the phage lysin proteins are thought to attack the basic building blocks of the cell wall, it would be unlikely that resistance to these methods will develop as rapidly as antibiotic resistance. Interestingly, no equivalent system using phages has been proposed or examined for B. cereus or B. thuringiensis, certainly due to the fact that a phage would be specific to one strain but not for the entire group.
Functional genomics of the B. cereus group of organisms
Since the publication of the first B. cereus group organism genomes [40, 45] , a significant number of studies have taken advantage of the sequence to generate functional data. Not surprisingly B. anthracis has been the focus of much of this work. The mail anthrax attacks of 2001 provided an additional impetus for research as well as an infusion of funding for the development of microarray and proteomic research programs. The availability of B. cereus specific arrays by a limited number of companies (NimbleGen and Qiagen) has not yet generated any published data. Additionally, a commercially available B. thuringiensis specific array has not been advertised. While these species-specific arrays are useful, most information would derive from an array that contains the B. cereus core genomic elements as well as the unique genes from a number of species or isolates. The advantage of building such a chimeric array would be to capture the level of conservation of any interrogated isolate in relation to the core genotype, but it would also detect the level of divergence and possible gene transfer between isolates/species in comparative genomic hybridization (CGH) experiments. In addition to obtaining a metric for the level of conservation, the chimeric array will allow representation of multiple strains, isolates or species on a single array without the need for redundant coding sequences to be represented, thus saving space, time, effort and money.
B. anthracis
A B. anthracis Ames microarray (both 70-mer oligonucleotide and amplicon-based) is available through the NIAID funded Pathogen Functional Genomics Resource Center (http://pfgrc.tigr.org/). Other arrays have been produced and used for species typing [117] and resequencing [118] . Read et al. [40] utilized an amplicon-based array as a comparative CGH tool to interrogate the genomic content of 19 diverse B. cereus group organisms. This diverse set included a number of the B. cereus strains from clinical sources, mostly periodontal infections from Norway [3, 28, 62] as well as strains from environmental sources and common laboratory strains including B. cereus ATCC 14579 and B. cereus ATCC 10987 [45, 47] . This study revealed a high degree of genomic similarity among these 19 B. cereus isolates. In addition, it indicates the presence of pXO1 gene homologues in half of the 19 strains examined, consistent with other studies [63] . In contrast, very few homologues of pXO2 genes were found to hybridize [40] . B. cereus isolates from clinical sources contained more pXO1 and/or pXO2 genes than non-clinical isolates, suggesting a pathogenic role for plasmid-encoded genes. While this technique does not allow the determination of gene order, it confirms the presence of plasmid-like genes in these species. Molecular examination of some of these clinical isolates has revealed the presence of large plasmids (>200 kb) that are currently under investigation (Rasko, unpublished data). Using the ratios obtained for chromosomal genes, it was possible to reconstruct the phylogenetic relationship of these 19 isolates -the clustering obtained was consistent with that obtained using other methods [3, 8, [27] [28] [29] 32, 33] .
In addition to CGH experiments, this array has also used for expression analysis in two separate studies. The expression of plasmid-encoded virulence factors and genes that are involved with their regulation were analyzed. Comparison of expression patterns for wild type and B. anthracis AtxA knockout mutants demonstrated that AtxA is the dominant regulatory protein and appears to be a master virulence regulator in B. anthracis [71] . AtxA was shown to regulate AcpA and AcpB, which were previously thought to regulate pXO2-encoded capsule biosynthesis.
B. anthracis gene expression patterns were analyzed as the bacterium progressed through logarithmic phase and entered sporulation [72] . In contrast to the previous study, Liu et al. did not make use of mutational analysis to examine the regulation but rather took a less invasive method to examine gene expression as growth progressed to unravel the regulatory cascade associated with spore formation. Five distinct waves of gene expression containing $36% of all predicted B. anthracis genes were observed. The five waves roughly corresponded to early, mid or late logarithmic growth, stationary phase growth and spore formation. The data revealed that the sporulation program in B. anthracis is similar to the well-characterized B. subtilis system [119] . However, B. anthracis sigma factor A (SigA) expression patterns deviate from those of its B. subtilis counterpart. sigA is induced during the final stages of sporulation in B. anthracis whereas in B. subtilis SigA is produced during vegetative growth [119] . Additional examination of the expression data demonstrated that the plasmid-encoded virulence factors were expressed only in early logarithmic phase. The true power of this study is that the expression data were combined with a proteomic analysis of the sporulating cultures [72] .
Proteomics studies
B. anthracis
The genome sequence and its predicted proteome have allowed for high-throughput proteomic analyses where proteins are enzymatically digested and the resulting peptides analyzed with two-dimensional liquid chromatography coupled with tandem mass spectrometry analysis. Peptide molecular weights are then matched bioinformatically to specific proteins. Combining this approach with expression analysis in a single study highlights the complementary nature of genomic and proteomic analyses. Liu et al. [72] applied such an approach to the study of spore formation and were able to rapidly document high-resolution temporal changes in gene expression associated with spore formation, while proteomic analysis provided a detailed snapshot of the protein content and relative abundance in the spore. Surprisingly, genes that were upregulated in the final stages of spore formation were rarely identified by the proteomic analysis as being constituents of the spore. Of the 873 genes identified to be upregulated in the final stages preceding sporulation, only 173 were identified proteomically as being spore components [72] . This suggests that the sporulating cells obtain proteins from pre-existing peptide pools to form the spore. If the microarray and proteomic data had not been combined into a single study, a number of incorrect conclusions as to the temporal origin of the proteins in the spore could have been made.
While the study by Liu et al. [72] demonstrated the power of using proteomic analysis in a high-throughput mode, other proteomic studies are focusing on rapid and accurate speciation of B. anthracis or B. cereus based on the proteomic content of their spore employing a combined 2D-gel electrophoresis and tandem mass spectrometry approach [120] . These studies have been successful in differentiating spores and vegetative forms of B. anthracis from its close relatives [120, 121] . In addition to examining and differentiating the Bacillus species, these proteomic studies have identified potential new spore coat proteins not previously annotated as such or known to reside in the membrane or spore surface [122] .
Anthrax vaccine preparations have also been characterized through proteomic analysis. A recent study using 2D gel-electrophoresis [123] confirmed that the major constituent of the B. anthracis vaccine was the protective antigen, but identified a number of minor contaminating products. These minor constituents included proteolytic cleavage products of the protective antigen, lethal factor and edema factor as well as other putative virulence factors such as EA1, Sap and S-layer proteins. Additionally, cell constituents could be identified such as 60 kDa heat-shock protein, enolase, fructose-bisphosphate aldolase and nucleoside diphosphate kinase [123] .
Proteomics can also be applied to examine the spore or bacterial surface for novel vaccine candidates. 2D gel electrophoresis of the spore proteome probed with sera from immunized animals identified eight in vivo immunogens, six of which were previously reported as antigenic targets. Five of the eight candidates were preselected through bioinformatic analysis of the genome sequence of B. anthracis [124] . This study highlights that a combination of genomic data, bioinformatics analysis and proteomics can contribute to novel anthrax vaccine development.
B. cereus
Unlike B. anthracis, proteomic analyses were applied to B. cereus vegetative cells and not spores. B. cereus PlcR mutant strains were compared to the wild type using protein 2D gel electrophoresis [54] . As expected, the inactivation of plcR in most cases abolished or significantly reduced the expression of PlcR-regulated peptides. These peptides included a number of virulence factors known to be under the control of PlcR, such as collagenase, hemolysins, proteases and toxins. Those directly regulated by PlcR were most significantly affected, whereas those indirectly regulated were reduced in expression levels.
Detailed 2D gel electrophoresis proteomic analysis of B. cereus biofilm establishment and maintenance on glass wool has been reported [125, 126] . In the dairy industry, B. cereus biofilms inside storage tanks and associated piping can create problems for product sterility and longevity. Using a proteomic approach, B. cereus isolates in biofilms have been shown to express at least 10 additional proteins and lack seven proteins during adhesion to a solid surface and establishment of the biofilm [125] . These peptides may play important roles in the maintenance of the biofilm and/ or represent metabolic changes triggered when the bacterium switches from a planktonic to a sessile lifestyle.
B. thuringiensis
While there are few published B. thuringiensis proteomic studies, significant progress have been made in the identification of sporulation regulatory pathways using MALDI-TOF (matrix-assisted laser desorption/ionization time of flight) analysis [127] . These pathways are a driver of B. thuringiensis biology, as the spore is the bacterial form used as a biopesticide. Other proteomic studies have focused on the identification of the Cry toxin receptor in the Manduca sexta midgut using 1D and 2D gel electrophoresis [128] . These different steps are essential in the life cycle of B. thuringiensis -proteomics could have a major impact in developing a better understanding of bacterial virulence mechanisms, both by studying the host and the bacterium itself.
Overall, proteomics and microarray studies have opened the opportunity to leverage the genomic information of the members of this group. These studies have enabled a better understanding of spore formation regulatory cascades, identified unknown regulatory elements and pathways, and have started to examine the interactions of the B. cereus group of organisms with their respective environments. 9 . Summary: One species on the basis of genomic evidence?
Attempts at bacterial systematics began long before the discovery of DNA as the hereditable material. In fact, the seminal discovery demonstrating that DNA was the genetic material, through the transformation of avirulent pneumococci to the virulent form [129] hinted at the importance of horizontal gene transfer as a mechanism to increase genetic diversity and thereby niche expansion by a microbial species. Bacteria were originally classified largely on the basis of phenotype, morphology, ecology and/or associated disease state. For example, the bacteria that are the subject of this review were named Bacillus for their rod-shape, cereus for presumably an association with cereal crops, and anthracis as the cause of the disease anthrax. The criteria for the ÔspeciesÕ designation have been widely debated, however the tenet of reproductive isolation is largely unassailable. This principle seemed inviolate in asexually reproducing bacteria until the demonstration of ''fertility'' in Escherichia coli in the early 1950s [130, 131] . The subsequent discovery that antibiotic resistance could be disseminated between different species within the Enterobacteriacae via plasmids [132] caused reconsideration of the basis of bacterial classification.
Classical bacterial systematics is now being challenged by discoveries being promulgated by the genomics revolution. The defining characteristics of a species must be grounded in its genetic/genomic architecture. In the B. cereus group of organisms, virulence and pathogenicity appear to be promiscuous and spread with plasmids. As reviewed in this paper, it is clear that the bacterial chromosomes of the sequenced members of this group are extremely similar. These chromosomes show a high level of synteny and protein identity, a combination never observed between different bacterial species. Furthermore, there is evidence for a shared set of core putative virulence factors between different pathogenic and non-pathogenic members of the group. Very few chromosomal genes or sets of genes are unique to one species. These regions often represent metabolic adaptations, and in many cases are found in another species with different phenotypic and pathogenic traits. Their presence cannot be associated with a specific subset of organisms. Conversely, much of the disease and host specificity in this group can be attributed to plasmid content (i.e., pXO1 and pXO2 in B. anthracis). The pXO1-like plasmid in B. cereus G9241 has been hypothesized to be responsible for the anthrax-like clinical presentation caused by this isolate. However, in other isolates no role can be associated with any of the harbored plasmids. Interestingly, clustering of these plasmids based on the similarity of their replication systems is possible, offering an alternative method of systematic classification.
Certainly our analyses demonstrate a bias toward significant pathogens of the group. However, not all members of the group are highly virulent. While 15 genome sequences are publicly available for a diverse set of B. cereus group organisms, genome data analysis has not delivered in developing a better understanding of the mechanisms that contribute to, and limit the acquisition of virulence. Access to such information will help to further refine the definition of a species.
Technological advances in functional genomics and proteomics are giving scientists the opportunity to leverage genome sequence data. From the analysis presented here and those of others, it is apparent that gene content might play a decreased role in the diversity of phenotype and pathogenicity observed in the B. cereus group. Subtle changes to regulatory networks may be responsible for the range of phenotypic traits displayed by the B. cereus group members. Functional studies and genetic linkage experiments, combined with proteomic analysis should provide a better understanding of these regulatory pathways and their genetic basis. In addition, using these technologies combined with access to the genomes of the human, pathogenic and non-pathogenic members of the group, it is now possible to study the interaction of the bacterium with its host. This may allow the emergence of a detailed molecular understanding of the pathogenicity of this group of organisms that will benefit the development of treatment and prevention measures.
The evolution of B. anthracis as a highly successful pathogen causing a readily identifiable disease has led to its over-representation in culture collections of isolates from the B. cereus group. Thus, should B. anthracis be considered an oversampled B. cereus? Based on genomic analyses of representatives of the group, these isolates carry different plasmids in a similar genetic background. Only subtle differences in gene content and protein similarities are observed when the chromosomes of members of the group are compared. While it is true that B. anthracis can be readily differentiated from B. cereus based on biochemical tests [33] , a Ôprob-lemÕ still exists for borderline isolates such as the pathogenic B. cereus G9241 [20] , where these tests fail to recognize the pathogenic potential of this isolate. The limited definition of the nature of B. anthracis emphasizes the challenges faced by public health officials when confronted with non-B. anthracis pathogenic isolates, and their inability to identify them as such [20] . The genome of B. cereus G9241 would be indistinguishable from these of any other B. cereus isolates, if it did not contain a homologue of B. anthracis pXO1. Classification of the members of the B. cereus group of organisms has long been the source of controversy. In 1952, based on the observation that an isolate of B. anthracis had lost both virulence, and its plasmids, and was indistinguishable from B. cereus in term of pathogenicity, Smith et al. [133] concluded ''B. anthracis is taxonomically a pathogenic variety of B. cereus''. The bacterium was later listed as B. cereus var anthracis [134] , a nomenclature questioned ever since [37, 38] . While genome sequence analysis has not elucidated the pathogenic potential of some isolates of the group, it has offered unprecedented insights into the core of their making. Based on the chromosome genomic comparison reviewed in this paper, it is not possible to distinguish members of the B. cereus group from one another. Should they be considered one species based on genomic evidence? It is recognized that for economical and social reasons, changing the current nomenclature would be quite a challenge.
It is hoped that this paper may represent a starting point for discussion and further novel studies through focusing on the similarities and distinctions that contribute to the nature of this group of bacteria.
